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Our Moon is a natural giant direct-detection target for constraining dark matter. By considering
the dark matter capture rate of the Moon, we obtain some constraints of the spin-independent elastic
scattering cross section of dark matter particles on nucleons σSIp using the background neutrino
data. The upper limits of σSIp can be constrained to ∼ 10
−38
− 10−36 cm2 for certain ‘resonance
dark matter mass’ ranges. These stringent astrophysical constraints are complementary to the
constraints obtained by the direct-detection experiments.
INTRODUCTION
It is commonly believed that some unknown dark mat-
ter particles exist in our universe to account for the miss-
ing mass. Although we do not have any ideas on what
dark matter particles are, many direct- and indirect-
detection experiments are going to search for the signal of
particle dark matter. Based on these detections, a large
parameter space of dark matter properties has been con-
strained [1–6].
Beside the man-made detectors, our Moon is a natural
giant direct-detection target for constraining astrophys-
ical theories. For example, some recent experiments are
searching for the radio signals produced from the interac-
tions between ultrahigh-energy cosmic ray particles and
the Moon [7, 8]. These results can help us understand
more about high-energy astrophysics. Moreover, some
studies are focusing on the dark matter capture rate by
the Moon [9]. By considering the heat production rate in-
side the Moon due to dark matter annihilation, one can
obtain some constraints of the spin-independent elastic
scattering cross section of dark matter particles on nu-
cleons σSIp [9]. Similar analyses have been done by using
different astrophysical objects, such as white dwarfs [10],
the Sun [11] and Mars [12]. These astrophysical con-
straints are complementary to the constraints obtained
by the direct-detection experiments.
In this article, using the Moon as a detection target,
we discuss a new analysis with neutrino data to con-
strain σSIp . We show that this method can give tighter
astrophysical constraints than that obtained by previous
studies using the argument of energy or heat release for
certain ranges of dark matter mass, especially for the
neutrino annihilation channels.
FORMALISM FOR THE DARK MATTER
PARTICLE CAPTURE MODEL
The time evolution of the dark matter particles gravi-
tationally captured by an astrophysical object, using the
Moon as an example for our current study, is given by
dNχ
dt
= C −AN2χ − FNχ, (1)
where C is the dark matter capture rate due to the dark
matter-nucleon interactions, whereas AN2χ and FNχ gov-
ern the number of dark matter particles (Nχ) lost due to
their annihilation and evaporation, respectively.
The dark matter particles inside our Galaxy could scat-
ter off the Moon via collisions. Eventually, they will lose
energy so that their resulting velocities are lower than the
Moon’s escape velocity at a distance from the center of
the Moon, ve(r), and will finally be trapped in the Moon.
The capture rate C depends on the Moon’s composition,
which consists of several species with number densities
ni(r) in three different layers. Two benchmark models,
named MAX and MIN, are considered in this analysis.
The MAX and MIN models respectively correspond to
maximal and minimal core density models [9]. Generally
speaking, the MIN model would be a more conservative
model for constraining dark matter. The corresponding
information for these two models is shown in Table 1
and Table 2. The capture rate of dark matter particles
of mass mχ with the scattering cross section (σi) of dark
matter on nuclei of type i is then given by [9, 13, 14]
C =
∑
i
√
6
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mχvd
∫
dV v2eσini ×
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[(
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1
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where ρDM = 0.3 GeV cm
−3 is the local dark matter
density, χ(a, b) = (pi/2)[Erf(b) − Erf(a)], η = 3u2/2v2d is
the dimensionless velocity and
A2i = 6
v2e
v2d
mχmi
(mχ −mi)2
, (3)
with
Ai,± = Ai ± η.
2Here u = 220 km/s is the velocity of the Moon, and the
dark matter distribution is assumed to be Maxwellian
with the velocity dispersion vd = 270 kms
−1. The
terms involving Ai,± are responsible for a composition-
dependent resonance-like behavior of the capture rate,
which gives sharp peaks at some narrow ranges of dark
matter mass mχ. We integrate Eq. (2) over all three lay-
ers containing different elemental compositions to get the
total capture rate C.
We specify the cross section of dark matter on nucle-
ons to be spin-independent elastic scattering. Assuming
isospin equivalence, for a nucleus with mass number A˜i
and charge Zi, the dark matter-nucleus spin-independent
elastic scattering cross section in Eq. (2) can be expressed
in terms of that of proton (σSIp ) by [9]
σSIi =
(
µA˜ir
µpr
)2
A˜2iσ
SI
p , (4)
where µpr = mχmp/(mχ+mp) and µ
A˜i
r = mχmA˜i/(mχ+
mA˜i) are the reduced masses of proton-dark matter and
nucleus-dark matter, respectively. The capture rate as
a function of dark matter mass is shown in Fig. 1. We
can see that the capture rate is very large when mχ is
equal to some ‘resonance dark matter mass’ values (e.g.
mχ ≈ 37 GeV or mχ ≈ 52 GeV).
NEUTRINO FLUX EMISSION DUE TO DARK
MATTER ANNIHILATION
Generally speaking, the captured dark matter inside
the Moon would undergo annihilation to give a large
amount of photons, electrons, positrons and neutrinos.
The emitted photons and electron-positron pairs would
interact with the Moon to contribute internal heat while
the emitted neutrinos would almost completely escape
from the Moon. Some of the neutrino flux would pass
through the Earth and contribute to the atmospheric
neutrino flux.
The coefficient A in Eq. (1) can be approximately given
by [9]
A ≈
σv
V
, (5)
where V is the thermal volume and σv is the annihi-
lation cross section. Ref. [9] shows that dark matter
could be thermalized by the lunar matter so that the
dark matter temperature is close to the Moon core tem-
perature Tcore = 1700 K. The thermal radius and vol-
ume are given by Rth = [9Tcore/(4piGρcoremχ)]
1/2 ≈
(4.0 − 5.6) × 103(GeV/mχ) km and V = (4pi/3)R
3
th re-
spectively, where ρcore is the core density of the Moon
[9]. Here, we can see that for mχ > 5 GeV, the captured
dark matter cloud is completely inside the Moon.
In the followings, we will consider the electron neutrino
flux only as it can give the tightest constraints for dark
matter. The electron neutrino flux density emitted due to
dark matter annihilation, with sufficiently large distance
DL ≈ 3.84 × 10
5 km between the Moon and the Earth,
is expressed by
ΦDM =
1
4piD2L
(
AN2χ
) 3∑
i=1
[
fi
dNνi,inj(E,mχ)
dE
]
, (6)
where dNνi,inj(E,mχ)/dE is the injected energy spec-
trum of dark matter annihilation contributed by a cer-
tain type of neutrino νi [15]. Note that neutrinos can
oscillate and change to different flavors during transmis-
sion. Based on the observed mixing angles θ13 = 8.5
◦,
θ23 = 33
◦ and θ12 = 42
◦ [16], approximately 80% of the
injected electron neutrinos, 10% of the injected muon
neutrinos and 10% of the injected tau neutrinos would
become electron neutrinos after traveling a distance of
DL. Therefore, we take f1 = 0.8 and f2 = f3 = 0.1.
After a few billion years of dark matter capture, the
number of dark matter particles in the dark matter
cloud would approach an equilibrium (i.e. dNχ/dt = 0).
Therefore, the capture rate is equal to the sum of the an-
nihilation rate and evaporation rate. Generally speaking,
the evaporation rate is important only for certain ranges
ofmχ and σ
SI
p (see Fig. 2). The calculation details of the
evaporation rate can be found in [9]. For the parameter
space in which evaporation is not important, the annihi-
lation rate AN2χ in Eq. (6) can be simply replaced by the
capture rate in Eq. (2).
The neutrino flux (including electron neutrinos, muon
neutrinos and tau neutrinos) emitted from dark matter
annihilation would contribute to the background elec-
tron neutrino flux reaching the Earth. The amount
of GeV background electron neutrino flux can be es-
timated from the observed atmospheric neutrino flux
[17, 18]. Based on the observational data of the at-
mospheric neutrino flux [19], the background electron
neutrino flux of 7 − 100 GeV can be parameterized as
Φback = 0.014×E
−3.5
ν, GeV GeV
−1cm−2s−1sr−1. The calcu-
lated flux is based on the calculation model in [17] and the
neutrino data are obtained from the Super Kamiokande
detector in Japan. This detector has made many im-
portant measurements including precise detection of the
solar neutrino flux and atmospheric neutrino flux [19].
Since ΦDM must be less than Φback, we can find the
upper limits of σSIp for different dark matter mass and
annihilation channels by setting ΦDM = Φback.
In Fig. 2, we show the corresponding upper limits of
σSIp as a function of dark matter mass for four popular an-
nihilation channels (e+e−, µ+µ−, τ+τ− and bb¯ channels).
In particular, the upper limits for the µ+µ−, τ+τ− and
bb¯ channels are generally tighter than that obtained by
considering the internal heat rate of the Moon (the Moon
internal heat constraint) [9]. For a small range of the ‘res-
3TABLE I. Moon layers and elemental abundances for the
MAX model [9].
Radius Density Mass fraction number of nuclei
[km] [g/cm3] [%] [×1046]
0-450 9 Fe (95) Fe (3.52)
S (5) S (0.32)
450-1680 3.2 FeO (18) O (88.0)
Si2O3(45) Mg(8.3)
Al2O3(14) Al(10.3)
MgO (9) Si(32.5)
CaO (12) Ca (6.02)
Fe (9.4)
1680-1737 2.9 same scaled by 0.097
onance dark matter mass’ near 52 GeV (mχ ≈ 48 − 56
GeV), the upper limits can be constrained to σSIp ∼ 10
−36
cm2, which are tighter than that obtained by consider-
ing the internal heat rate of the Earth (the Earth in-
ternal heat constraint) [20]. Furthermore, in Fig. 3, we
show the upper limits of σSIp for three neutrino annihi-
lation channels. These limits are even constrained to
σSIp ∼ 10
−38 cm2, which are much tighter by at least two
orders of magnitude. For m ≥ 35 GeV, our constraints
for neutrino annihilation channels are tighter than the
previous constraints. We also include some of the cur-
rent direct-detection upper limits (XENON1T, LUX and
DEAP-3600) [4, 5, 21] in Fig. 3 for reference. Although
the current direct-detection bounds are stronger than our
limits, our study can provide an alternative and comple-
mentary analysis for constraining the interaction between
dark matter and ordinary matter.
Note that there is an assumption that dark matter
would interact with quarks in order for it to be captured
in the Moon. Therefore, it may be impossible for the cap-
tured dark matter to self-annihilate to give 100% primary
neutrinos (i.e. 100% via the neutrino annihilation chan-
nels). Nevertheless, the limits for the neutrino channels
in Fig. 3 can show an extreme limit to benchmark the
experimental reach of the proposed analysis. Moreover,
the calculations of the Moon internal heat constraints in
[9] and the calculations of the Earth internal heat con-
straint in [20] have assumed that all energy released in
dark matter annihilation contributes to the internal heat
of the Moon or the Earth. However, for µ+µ−, τ+τ−
and bb¯ channels, nearly half of the energy released in
dark matter annihilation is in the form of neutrino emis-
sion [15], which would finally escape from the Moon and
the Earth. For the neutrino annihilation channels, nearly
85% of the energy is in the form of neutrino emission [15].
The Moon and the Earth internal heat constraints shown
in Fig. 2 and Fig. 3 have been revised by this considera-
tion.
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FIG. 1. The capture rate of dark matter particles, assumed
σSIp = 10
−33 cm2 for MAX (upper figure) and MIN (lower
figure) models.
TABLE II. Moon layers and elemental abundances for the
MIN model [9].
Radius Density Mass fraction number of nuclei
[km] [g/cm3] [%] [×1046]
0-380 5 Fe (95) Fe (1.1)
S (5) S (0.10)
380-1697 3.4 FeO (18) O (97.1)
Si2O3(45) Mg(9.2)
Al2O3(14) Al(11.3)
MgO (9) Si(35.8)
CaO (12) Ca(6.6)
Fe (10.3)
1697-1737 2.4 same scaled by 0.051
DISCUSSION
In this article, we present the calculation of the as-
trophysical upper limits of σSIp using the neutrino data.
We have got tighter constraints for mχ ≈ 48 − 56 GeV
for three popular annihilation channels (µ+µ−, τ+τ−
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FIG. 2. The upper limits of σSIp for MAX (upper figure) and
MIN (lower figure) models, assuming dark matter annihilating
via e+e− (orange line), µ+µ− (red line), τ+τ− (green line)
or bb¯ (blue line) channels. The black dotted lines and the
maroon dashed lines represent the upper limits obtained by
the arguments of Moon internal heat [9] and Earth internal
heat [20] respectively. The areas bounded by the pink dashed
lines are the excluded regions due to dark matter evaporation
[9]. The neutrino data used are obtained from the Super
Kamiokande detector and the calculation model in [17].
and bb¯) and mχ ≥ 35 GeV for the neutrino annihilation
channels. The previous tightest constraints obtained are
based on the arguments of the internal heat of the Moon
and the Earth [9, 20, 22]. However, the maximum in-
ternal heat rates of the Moon and the Earth are highly
model-dependent. For example, the heat flow models of
the Earth’s core give the residual heat flow output val-
ues from 2.3 TW to 21 TW [20]. These constraints are
obtained from our limited knowledge of heat flow inside
the Earth’s interior or Moon’s interior. Nevertheless, our
analysis applies the data of the GeV neutrino background
flux (the atmospheric neutrino data), which are more re-
liable and were well-measured in the past two decades
[17, 19]. Thus, our results can represent more reliable
astrophysical constraints of σSIp .
Moreover, many recent studies are paying more atten-
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FIG. 3. The upper limits of σSIp for MAX (upper figure)
and MIN (lower figure) models, assuming dark matter an-
nihilating via νe (green line), νµ or ντ (blue line) channels.
The black dotted lines and the maroon dashed lines represent
the upper limits obtained by the arguments of Moon internal
heat [9] and Earth internal heat [20] respectively. The areas
bounded by the pink dashed lines are the excluded regions
due to dark matter evaporation [9]. We also show the upper
limits obtained by three direct-detection experiments (LUX
[4], XENON1T [5] and DEAP-3600 [21]). The neutrino data
used are obtained from the Super Kamiokande detector and
the calculation model in [17].
tion to mχ ≈ 48 − 67 GeV as this range of annihilating
dark matter mass can simultaneously explain the gamma-
ray excess and anti-proton excess in our Galaxy [23–25].
This range can also explain some radio continuum data
of galaxy clusters [26, 27]. Therefore, our tighter con-
straints on the range mχ ≈ 48 − 56 GeV can provide
some important complementary information of the par-
ticle dark matter.
In fact, the observed atmospheric neutrino flux is larger
than the real background neutrino flux [28]. It is because
some of the atmospheric neutrino flux is contributed by
cosmic rays. Therefore, if we can obtain the real back-
ground neutrino flux in the future (e.g. detect from
space), our constraints on σSIp would be tighter. Fur-
5thermore, the neutrino flux emitted in dark matter anni-
hilation inside the Moon has a specific direction (emitted
from the Moon’s solid angle). If we can observe the up-
per limit of the ‘lunar neutrino flux’ in the future, our
constraints on σSIp would be much tighter because the
‘lunar neutrino flux’ should be very small. However, this
requires a very sensitive neutrino detector which has a
very high resolution.
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